Abstract: This paper presents results of several large-eddy simulations ͑LES͒ of turbulent flow in an open channel through staggered arrays of rigid, emergent cylinders, which can be regarded as idealized vegetation. In this study, two cylinder Reynolds numbers, R D = 1 , 340 and R D = 500, and three vegetation densities are considered. The LES of the lowest density and at R D = 1 , 340 corresponds to a recently completed laboratory experiment, the data of which is used to validate the simulations. Fairly good agreement between calculated and measured first-and second-order statistics along measurement profiles is found, confirming the accuracy of the simulations. The high resolution of the simulations enables an explicit calculation of drag forces, decomposed into pressure and friction drag, that are exerted on the cylinders. The effect of the cylinder Reynolds number and the cylinder density on the drag and hence on the flow resistance is quantified and in agreement with previous experimental studies. Turbulence structures are visualized through instantaneous pressure fluctuations, isosurfaces of the Q-criterion and contours of vertical vorticity in horizontal planes. Analysis of velocity time signals and distributions of drag and lift forces over time reveals that flow and turbulence are more influenced by the vegetation density than by the cylinder Reynolds number.
Introduction
The presence of vegetation in the aquatic environment considerably alters the turbulent flow in streams, rivers, and floodplains. The additional drag exerted by plants largely influences the horizontal and vertical distributions of mean and instantaneous velocity, turbulence quantities, and Reynolds stresses as well as transport of sediments and solutes. Furthermore, the flow through partially vegetated channels or emergent and submerged vegetation is characterized by significant velocity gradients ͑laterally, longitudinally, and vertically͒ resulting in shear layer formation between the canopy flow and the flow outside the vegetation. Recent research has focused on deliberately using vegetation on banks and floodplains for attenuating floods, filtering contaminants, promoting water self-purification, sheltering aquatic life, and even changing channel shape ͑Bennett et al. 2002͒ .
In order to quantify the effects of vegetation in terms of flow resistance, Petryk and Bosmajian ͑1975͒ introduced a forceequilibrium approach and postulated that the gravity force is equal to the boundary shear stress and the drag forces induced by the emergent vegetation. The drag force of vegetation can be simplistically calculated using the formula for a single circular cylinder by assuming that vegetation can be idealized as a rigid circular cylinder. A number of experimental studies further refined this approach for different flow conditions ͑Pasche and Rouve 1985; Wu et al. 1999; Tsihrintzis 2001; Bennett et al. 2002; Stone and Shen 2002; Wilson et al. 2003; Lee et al. 2004; Takemura and Tanaka 2007͒ . In a recent experimental study Tanino and Nepf ͑2008͒ evaluated the drag force and the drag coefficient as a function of vegetation density for various, relatively low, cylinder Reynolds numbers ͑R D = 30-700͒. A number of experimental studies have focused on detailed examination of the flow field and turbulence structure within a plant canopy. These studies have involved modeling vegetation as an array of rigid cylinders of the same height and diameter at regular spacing ͑Pasche and Rouve 1985; Tsujimoto and Kitamura 1990; Shimizu and Tsujimoto 1994; Dunn et al. 1996; Nepf 1999͒ and have observed that the spatially and time-averaged velocity profile within an emergent or submerged vegetated layer ͑irrespective of whether the vegetation is rigid or flexible͒ no longer follows the universal logarithmic law. Furthermore, not only the spatially averaged velocity profile is altered considerably but also the vertical distribution of turbulence intensities, Reynolds stresses and kinetic energy exhibit large differences from those of unobstructed channel flow ͑Nepf 1999; Lopez and Garcia 2001͒ . In a recent study Liu et al. ͑2008͒ provided quantitative evidence that the local flow around single vegetation elements is spatially heterogeneous by evaluating turbulence statistics of flow through emergent and submerged vegetation along six different verticals around one vegetation element within an array of elements.
A more complete three-dimensional picture of the flow can be obtained from computational fluid dynamics ͑CFD͒ models. The majority of CFD models solve the 3D steady or unsteady Reynolds-averaged-Navier-Stokes ͑RANS͒ equations and are capable of accurately predicting the time-averaged flow field. Usually, RANS models are operated on coarser grids and vegetation drag is accounted for through additional source terms that are added to the momentum and turbulence transport equations. These models are the most practical approaches offering reasonable accuracy for the prediction of the time-averaged flow field ͑Shimizu and Tsujimoto 1994; Naot et al. 1996; Neary 2000; Fischer-Antze et al. 2001; Choi and Kang 2004͒ . In addition to RANS models require modified turbulence closure models featuring drag-related sink terms in the turbulent transport equations to be able to predict reasonably well the turbulence quantities within the vegetation layer. The source terms of both the momentum and transport equations require a-priori knowledge of the drag coefficient and additional empirical constants. The strength of RANS or unsteady RANS ͑URANS͒ models lies in their computational efficiency and their portability to field scale flows. Hence, RANS or URANS models have not been applied to simulate the flow through vegetation with individual plants/cylinders resolved by the numerical grid. This is probably due the fact that standard RANS/URANS models were less successful in predicting the flow and turbulence around single cylinders ͑Rodi 1997; Luebcke et al. 2001͒ Recently, large-eddy simulation ͑LES͒ has become a popular research tool to investigate flows in which turbulence structures dominate the flow statistics. LES provides an almost complete description of the instantaneous unsteady 3D turbulent flow field, resolving large-scale unsteadiness and asymmetries ͑large eddies͒ resulting from flow instabilities. First, LES results of channel flow through vegetation were presented by Cui and Neary ͑2002͒, Stoesser et al. ͑2006͒, and Palau et al. ͑2007͒ and provided evidence that LES is able to elucidate large-scale coherent structures, their role in vegetative flow resistance, and their contribution to Reynolds stresses and turbulence quantities.
In this paper, we present large-eddy simulations of turbulent channel flow through a matrix of surface protruding circular cylinders, which can be regarded as idealized emergent vegetation. Each cylinder is explicitly resolved through a high resolution bodyfitted grid with the first grid point well within the viscous sublayer of the cylinder. This allows for the direct calculation of acting drag and lift forces. To validate the LES, time-averaged velocities and turbulence intensities are compared with laboratory data at selected profiles. The effects of vegetation density and cylinder Reynolds number on the turbulence statistics and the instantaneous flow field are discussed and analyzed.
Numerical Framework
The LES code ͑Hydro3D-GT͒ used in this study is based on the finite volume method on a curvilinear grid with collocated variable arrangement ͑Stoesser 2002͒. The Hydro3D-GT code solves the filtered Navier-Stokes equations for incompressible fluid flow ͑Pope 2000͒
where u i and u j ͑i or j =1, 2, or 3͒=resolved velocity vectors ͑i.e., u 1 = u, u 2 = v, and u 3 = w denoting the velocity components in x, y, and z axis direction, respectively͒ and p = resolved pressure divided by the density. These quantities are filtered in space. Similarly, x i and x j represent the spatial location vectors in x, y, and z axis direction, respectively, = kinematic viscosity, and S ij = filtered strain-rate tensor, defined as 2 ͉S͉. The Smagorinsky constant C s = calculated locally by making use of the flow information available from the smallest resolved scales. A double filtering procedure leads to a closed expression, commonly referred to as Germano's identity, relating filter stresses at different filter levels to each other. This additional information is then used to determine the model parameter C s through local averaging.
The convection and diffusion terms in the Navier-Stokes equations are approximated by central differences ensuring secondorder accuracy in space. An explicit Adams-Bashforth scheme is used to discretize the equations in time providing second-order accuracy in time.
Simulation Setup
The setup for the first simulation of this study is chosen to match the experiments carried out by Liu et al. ͑2008͒ the data of which is used to validate the LES. Liu et al. ͑2008͒ placed a matrix of rigid cylinders in a staggered arrangement into a rectangular flume and carried out detailed laser doppler velocimeter ͑LDV͒ measurements at the six verticals within the flow as indicated in Fig. 1͑a͒ . In Fig. 1 , s, is defined as the distance between two cylinders in the streamwise direction and in Liu et al.'s experiment s = 10D. The vegetation density , here defined as the volume that is occupied by the cylinders over the total volume, is = 0.0157. The cylinder Reynolds number based on the bulk ve- locity, u͑bulk͒ and the cylinder diameter D is R D = 1 , 340. In addition to the 10D case of Liu et al. ͑2008͒, numerical experiments are carried out for two additional vegetation densities, i.e., s =5D and s = 2.5D, or = 0.0628 and = 0.2513, respectively, and at one additional ͑lower͒ flow rate which yields R D = 500. In total, six different numerical experiments are performed, details for which are found in Table 1 . The computational flow domain chosen is the same for all cases and spans 20D in streamwise, 10D in spanwise, and 10.22D ͑corresponding to the water depth͒ in the vertical direction, respectively. A block-structured grid composed of Cartesian H-grid and curvilinear O-grid blocks is employed and is depicted in Fig. 2 . While the Cartesian grid is uniform in the horizontal plane the grid of the O-grid block is stretched toward the cylinder. In the wall-normal direction the grid is stretched from the channel bed to the free surface. The details of each grid of the six numerical experiments are summarized in Table 2 .
Boundary Conditions
At the channel bed and at the cylinder wall the no-slip boundary condition is applied. This is justified by the fact that 3-4 points off the wall are situated within the viscous sublayer. values at three different elevations, i.e., near the bed, at mid depth and near the water surface along the circumference of the cylinder are plotted. This figure provides proof of the validity of using the no-slip condition because in all three cases the wall distance is found to be in the order of y + = 1 for most of the circumference. However, toward the point of flow separation, i.e., where the highest velocities tangential to the cylinder wall are found, maximum values of y + = 4 in the 10D case, y + = 5 in the 5D case and y + = 6 in the 2.5D case are observed. Though those values are still below y + = 11, i.e., the edge of the viscous sublayer an additional simulation for the 10D, R D = 1 , 340 at a considerably finer grid resolution is carried out. This is considered the ͑worst͒ case in terms of grid resolution and it can be seen from Fig. 3 , that the near wall resolution is approximately two times higher in the finer grid than in the original grid.
Periodic boundary conditions are applied in the streamwise and spanwise directions, and the free surface is set as a frictionless rigid lid and is treated as a plane of symmetry. The simulations are initially run for about 20 eddy turn-over time units, t e , defined as the water depth over the friction velocity, in order to establish fully developed flow conditions. For the calculation of flow and turbulence statistics the simulations are then continued for 50+ eddy turn-over time units. The code uses an adjustable time step size based on the CFL criteria with maximum CFL numbers of 0.5. The code is parallelized using MPI and the maximum number of CPUs employed in this study is 288 for the 2.5D case and consumed approximately 110,000 CPUh for approximately 300,000 timesteps.
Results and Discussion

Time-Averaged Flow Field and Turbulence Statistics
Fig. 4 presents the LES calculated time-averaged and normalized ͑with the bulk velocity͒ streamwise velocities along six profiles for the three vegetation densities, i.e., 10D, 5D, and 2.5D. Also plotted are the results from the finer grid simulation and the experimental velocity data with which the simulation of the 10D case is validated. First of all, differences between original-grid and finer-grid LES are negligibly small, confirming the adequacy of the original grid. The velocity profiles of the 10D simulation ͑black and gray solid lines͒ match the Liu et al. ͑2008͒ observations quite well in particular at Profiles #3, #4, #1, and #6, i.e., along the profiles in front of the cylinder and behind the cylinder ͑Fig. 1͒. There is a local acceleration of the flow near the surface just behind the cylinder, i.e., profile #1, which might be the result of a local water-surface depression ͑the water-surface was not measured in great detail hence this is speculative͒. The fact that . This could be due to an underestimation of u͑bulk͒, or due to the fact that the flow is slightly deeper between cylinders, or both. Noteworthy is a near bed velocity bulge in Verticals #1 and #6 in the 10D case that is accurately predicted by the LES. This velocity bulge is a result of the prevailing secondary flow ͑discussed below͒ entraining high momentum fluid into the wake near the bed. This mechanism has been discussed by Liu et al. 2008 as well. Such a distinct velocity bulge is absent or less pronounced, respectively, in the 5D and 2.5D cases. Worth mentioning is the fact that streamwise velocities are found to be almost constant over the depth and vegetation density and that the profiles deviates marginally from a logarithmic distribution irrespective of location. Fig. 5 compares calculated vertical velocities with measured data along the six verticals for the 10D case but also includes profiles for the other two cases. The agreement between the 10D case simulation and the experiment is quite good, regardless of grid resolution. Overall very small vertical velocities are observed in both 10D and 5D cases except just behind the cylinder ͑Verti-cals #1 and #6͒ where relatively large values of vertical velocity indicate considerable upward movement of fluid. In the 2.5D case, however, upward and downward movement of fluid is observed close to the bed in all verticals. Fig. 6 presents contours of the time-averaged streamwise velocity and streamlines at about half depth for the three different vegetation densities investigated. While in the 10D and 5D cases a clear wake behind the cylinder and an area of higher velocities between the cylinders is identified, the 2.5D flow field exhibits large velocity gradients in both streamwise and spanwise directions. In the 10D and 5D cases, the maximum velocity is found to be about 30% higher than the bulk velocity, whereas in the 2.5D case the flow accelerates to about 2.5 times the bulk velocity between cylinders. The streamlines of the flow, presented in the lower half of the figure, reveal that the 10D and 5D cases exhibit similar flow features, i.e., flow separation at approximately 95°a nd a relatively large recirculation region comprising two counterrotating vortices that are about the length of the cylinder diameter. In the 2.5D case the flow separates considerably later ͑at approximately 130°͒ and the recirculation region behind the cylinder in the 2.5D case is much smaller than the ones found behind the cylinders of the 10D and 5D case, respectively. The length of the vortex pair behind the 2.5D case cylinder is approximately only 1/4 of the cylinder diameter. Fig. 7 presents contours of the primary flow velocity and streamlines of the secondary flow in three selected cross sections for the three vegetation densities. In the 10D case ͑upper row͒ a distinct secondary flow pattern develops behind the cylinder featuring a counterrotating vortex pair near the bed. This vortex pair is a result of fluid entrainment from the high momentum region between the cylinders filling the low momentum wake behind the cylinder. The fluid that enters the wake behind the cylinder from either side converges at the cylinder-axis, initiates an upflow ͑see also Profile #1 in Fig. 5͒ and results in the vortex pair. The vortex pair diminishes rather quickly. In the 5D case ͑middle row͒ a similar counterrotating vortex pair is also being formed, however it appears to be flatter and less developed than in the 10D case. The distance behind the cylinder is too short for the vortices to fully develop. Also the upflow of fluid behind the cylinder is slightly weaker than in the 10D case ͑see also Profile #1 in Fig.  5͒ . The 2.5D case does not exhibit a distinct secondary flow pattern, nevertheless strong vertical movement is observed but only very close to the bed ͑see also Fig. 5͒ . Also interesting is the fact that behind the 2.5D cylinder downflow occurs whereas in the other two cases upflow is found.
The above discussed flow features are reflected in the turbulence intensity distribution along the six verticals. In Fig. 8 measured ͑for the 10D case from Liu et al. 2008͒ and computed streamwise turbulence intensities ͑i.e., the RMS of the velocity fluctuation normalized with the bulk velocity, uЈ / u͑bulk͒͒ are plotted. The comparison of computed streamwise turbulence intensities ͑solid line͒ with the measured values is very agreeable ͑regardless of grid resolution͒. The biggest differences are found near the bed in Vertical #1, which is the recirculation region with the highest turbulence, where the finer grid provides a better match, hence discrepancies in the original grid simulation can be attributed to the fact that only the resolved RMS quantities of the LES are plotted. The sreamwise turbulence intensity profiles are similar for all three cases and are almost a straight vertical line. This is significantly different from unobstructed channel flow not only in shape but also in magnitude. The 10D and the 5D cases exhibit the same behavior, however slightly higher streamwise turbulence intensities are observed in the 5D case. The 2.5D case exhibits considerably higher streamwise turbulence intensities, in particular between the cylinders ͑i.e., Verticals #2 and #5͒, which is a result of both spanwise and streamwise velocity gradients. The strong up and downflow close to the bed in the 2.5D case is reflected in kinks in the streamwise turbulence intensity profiles near the bed.
A quantitative comparison between measured ͑Liu et al. 2008͒ and computed normalized vertical turbulence intensities ͑for the 10D case͒ is provided in Fig. 9 . Computed vertical turbulence intensities are in good agreement with the measurements for all six verticals. The distributions from the finer grid simulation are identical to the ones from the original grid. A small peak can be seen near the bed of Profile #1, a result of the relatively strong upward movement of fluid behind the cylinder. The 5D and the 2.5D distributions of vertical turbulence intensity are generally similar to the 10D case, but with higher magnitudes. There are peaks of vertical turbulence intensity near the bed in the 2.5D case, a result of the strong vertical movement. Fig. 10 depicts turbulence intensities of the three components of the velocity vector in a horizontal plane at approximately half depth ͑Z=5D͒. While the 10D and 5D distributions of turbulence intensities are similar to each other, the 2.5D distributions are obviously different from the 10D and 5D cases. The most obvious difference is that the wake of the 10D and 5D case is characterized by high turbulence intensities while the wake of the 2.5D case has lower values of turbulence intensity. In the 10D case there is a corridor between cylinders, ͑i.e., around Y / D =5͒ which is characterized by very low values of turbulence intensities. This implies that the flow and turbulence downstream of the cylinder is not affected by the cylinders that are arranged laterally. In the 5D case, the distribution of turbulence intensities do not exhibit a distinct corridor with low values suggesting that the wake behind the cylinder is influenced by lateral cylinders. In the 2.5D case highest turbulence intensities are found in the area between the cylinders, being a result of local acceleration in the streamwise direction. In the 10D and 5D cases, streamwise turbulence intensities peaks are observed downstream of the flow separation from the cylinder, ͑i.e., 95°͒ resulting in a sickle shaped distribution of maximum turbulence intensities. The distributions look very similar to those of the flow around a long isolated cylinder. The streamwise turbulence intensity peaks in the 2.5D case occur clearly upstream of flow separation, which is where the maximum streamwise velocity is found ͑see also Fig. 6͒ . Areas of high spanwise and vertical turbulence intensities are present in the vicinity of the stagnation point. This is due to vortices that are shed upstream impinging on the cylinder. In the 2.5D case the highest spanwise and vertical turbulence intensities occur upstream of the cylinder, while there is hardly any turbulence downstream of the cylinder. This is due to the fact that the 2.5D case does not exhibit distinct vortex shedding as in single cylinder flow. Clearly the Fig. 10 . Distribution of the three turbulence intensities ͓uЈ / u͑bulk͒, left column, vЈ / u͑bulk͒, middle column, wЈ / u͑bulk, right column͔͒ at one-half depth for the three vegetation densities ͑top row 10D, middle row 5D, lower row 2.5D͒ turbulence in the 2.5D case is rather generated by high streamwise velocity gradients, while von Karman vortex shedding occurs in the 5D and 10D cases.
Drag forces on the cylinder are a result of pressure differences between the upstream and downstream side of the cylinder and by viscous stresses on the cylinder. From the time-averaged velocity and pressure fields the drag force on the cylinder, decomposed into a pressure drag and a friction drag component, and the friction drag on the channel bed are calculated. Fig. 11͑a͒ presents contours of the time-averaged pressure coefficient C p on one cylinder of the 10D case from different perspectives ͑i.e., at the front view, side view and rear view͒. High C p values are found in the vicinity of the stagnation point and the magnitude is almost constant over the entire cylinder height. Time-averaged flow separation occurs at approximately 95°, the location at which the coefficient of pressure turns negative due to the formation of the recirculation zone behind the cylinder. The negative pressure coefficient behind the cylinder is seen in the rear view, again showing almost constant C p values over the entire depth. Streamlines on the 10D cylinder, viewed from three different perspectives, are provided in Fig. 11͑b͒ . The flow diverges at the stagnation point and the time-averaged flow appears to be two-dimensional except close to the bottom, where some downward movement is observed. The side view shows the separation line at a fairly constant angle of 95°. This line is therefore largely vertical and only at the bottom it is slightly bent in the downstream direction as the separation occurs a little later. In the rear region, the motion is primarily backward and upward along the cylinder as was discussed already. Near the bed there is only a backward component around the cylinder, which seems to be originating from a nodal point near the ground. This backward motion near the ground rolls up, as it approaches the slightly delayed separation point at the sidewall so that a focal point develops associated with a vortex. This vortex however is very close to the bed, is very weak and quickly disappears. Fig. 12 presents the contributions of both pressure drag and friction drag on the cylinder as well as the integral force from the bed shear stresses to the total flow resistance in channel flow through vegetation for the three vegetation densities and the two cylinder Reynolds numbers R D . Clearly, flow resistance is mainly due to the presence of the cylinder. For the higher renumber cases pressure drag accounts for approximately 90%, friction drag for approximately 6-7% and the bed shear stress decreases with increasing vegetation density and is almost negligible, especially in the 2.5D case. The vegetation density has almost no effect on the percentage distribution of the contributing forces to the overall loss. For the lower R D cases shear forces are slightly increased however, pressure drag still accounts for about 80-90% of the total loss. The portion of friction drag is constant regardless of vegetation density and the contribution of bed shear stress decreases with an increase in vegetation density.
The normalized drag force, defined as The LES calculated drag forces as a function of cylinder Reynolds number are plotted together with Tanino and Nepf's measured values in Fig. 13 . The LES complement nicely the previous experimental observations and match the observed trends remarkably well. This is particularly obvious for the 2.5D case ͑with = 0.25͒ for which the LES computed drag force can be regarded as a direct extension to the measured drag forces from the experiment with almost the same density of = 0.27. The drag force distribution of the 10D case exhibits the same behavior as an isolated cylinder ͑dashed line, White 1991͒ suggesting that the flow recovers sufficiently behind each cylinder. With an increase in both the vegetation density and the cylinder Reynolds number the drag force increases.
Drag coefficients are calculated and are compared with the values obtained by Tanino and Nepf ͑2008͒ in Fig. 14 . The calculated drag coefficients c D show a reasonable match with the extrapolated line from the experimental data. The drag coefficient is clearly a function of the cylinder Reynolds number, at least for lower values of R D . A greater influence on the value of c D is the vegetation density, and it seems that the increase is linear, i.e., as the vegetation density doubles, the value of the drag coefficient doubles.
Instantaneous Flow Field and Turbulence Structures
An impression of the development of large-scale vortical structures can be obtained from the temporal development of isosur- Fig.  15 . For both the 10D and 5D cases vortices are observed shedding from the cylinder due to Kelvin Helmholtz instability. These vortices extend over the full cylinder height, display clear two dimensionality and are similar than von Karman vortices behind long isolated cylinders. In the 2.5D case the process is influenced strongly by the above discussed flow acceleration between cylinders and the prevailing high levels of turbulence, which alter the shedding process. As a result, these vortices are less coherent and do not exhibit clear two dimensionality.
Snapshots of three-dimensional turbulence structures visualized with isosurfaces of the Q-criterion ͑Hunt et al. 1988͒ for the three vegetation densities are presented in Fig. 16 . In the 10D case ͑upper row͒ the above mentioned von Karman-type vortices are clearly visible. While these structures exhibit two dimensionality in their early stage, they are stretched in the streamwise direction and packets of smaller vortices evolve, which eventually impinge on the downstream cylinder. In the above mentioned corridor between cylinders there are hardly any vortices present supporting the above made statements that the flow behind the cylinder is not interfered with structures from lateral cylinders. In the blow-up on the right hand side of Fig. 16͑a͒ the occurrence of alternating vortex shedding is indicated by the black lines. In Fig.  16͑a͒ , alternating shedding is observed, the vortices on opposite sides being offset and the distance between vortices on the same side being rather large. In the 5D case, depicted in Fig. 16͑b͒ , the vortex shedding from the cylinder walls is influenced by vortices shed from upstream and lateral cylinders. The quasi-twodimensional structure of the von Karman vortices is apparent close to the cylinder. In contrast to the 10D case, these vortices remain rather strong when they impinge on the downstream cylinder, with the consequence that they alter the shedding behavior of the vortices there. Also vortices from lateral cylinders seem to be entering the wake behind the cylinder. These flow features are reflected in the shedding behavior and while in the 10D case only regular, alternating shedding is observed, shedding in the 5D case becomes more irregular. Both alternating vortex shedding ͑A-B-C͒ as well as symmetric shedding ͑D-E͒, i.e., the vortices on opposite sides show little longitudinal offset, is seen. The vortex interference is amplified in the 2.5D case ͓Fig. 16͑c͔͒ and vortex shedding occurs irregularly. In the blow-up on the right hand side of Fig. 16͑c͒ both alternating ͑A-B͒ and symmetric ͑D-E͒ shedding is observed. The frequency of vortex shedding is visibly increased, i.e., the longitudinal distance between vortex cores is much shorter in the 2.5D case than in the 10D and 5D cases. Animations of the 2.5D case have shown that some vortices impinge on the cylinder located immediately downstream while others are convected through the gaps and impinge on a lateral cylinder further downstream. Also, these vortices maintain their strength over a considerable distance. These animations can be accessed at http://cfd.ce.gatech.edu/index_files/ASCEvegetation. htm.
The horizontal distribution of vertical vorticity ͑z-vorticity͒ at an instant in time and in a plane approximately at one-half water depth ͑Z =5D͒ for the three vegetation densities is presented in Fig. 17 . The findings from the analysis of Figs. 15 and 16 are confirmed by the contours of vertical vorticity. In the 10D case, strong two-dimensionality of the von Karman vortices close to the cylinder is indicated with high levels of vertical vorticity, decreasing while the vortices are being convected downstream. In the vicinity of the downstream cylinder z-vorticity magnitudes are close to zero. Regular alternating shedding of clockwise and counterclockwise rotating vortices occurs. As the density of vegetation increases, the vortex shedding at the cylinders is influenced by vortices that are shed from upstream cylinders resulting in a more irregular shedding behavior. This is supported by elevated levels of vertical vorticity in front of cylinders in the 5D case. The magnitude of vertical vorticity in the 5D case is similar to the 10D case. A further increase in vegetation density results in an increase in vorticity magnitude with the magnitude of vertical vorticity levels being almost twice as high in the 2.5D case as in the 10D or 5D case, respectively.
Time signals of all three velocity components were recorded at selected points over a duration of 0.5 ͑for the 2.5D case͒ to 1.0 ͑for the 10D case͒ in dimensionless eddy turn over time units t e = H / u ‫ء‬ by storing every 10th point in time. Spectra of the streamwise and spanwise components obtained with the method of Welch ͑Press et al. 1992͒ are reported here as they best reveal the presence of von Karman vortex shedding. Also probability density functions ͑PDF͒ of the time signal were obtained to further analyze the instantaneous flow field. Spectra in the cylinder wake at approximately half depth are depicted in the upper row of Fig.  18 for the three vegetation densities. The vortex shedding frequency is identified as a distinct peak in the velocity spectra, in particular the one of the spanwise velocity component. For the 10D case the peak occurs at approximately f = 30 Hz corresponding to a Strouhal number of S = fD / u͑bulk͒ = 0.197 while for the 5D case a slightly higher shedding frequency ͑f =32 Hz͒ is obtained from the peak in the spectra and corresponds to a Strouhal number of S = 0.21. For the 2.5D case however, vortex shedding occurs at a much higher frequency, in fact almost three times as high as the other two cases ͑f =90 Hz͒. This corresponds to a Strouhal number of S = 0.5. Furthermore, the spectra of the 10D case and in large parts of the 5D case exhibit a pronounced Ϫ5/3 ͑dotted line͒ decay of energy as typically observed in wake flows with alternating vortex shedding. The velocity spectrum for the 5D case arguably exhibits two different slopes in the inertial range as is notable when comparing to the two straight lines representing the Ϫ5/3 slope ͑dotted line͒ and a Ϫ5/2 slope ͑dashed line͒. It seems that at higher frequencies energy transfer to smaller scales is accomplished at higher rates, suggesting vortex interference. Rather interesting is the velocity spectrum of the 2.5D case: vortex interference is clearly visible as the spectrum exhibits multiple peaks, i.e., vortices that are shed at upstream cylinders and entering the wake of the present cylinder. This is in good qualitative agreement with Umeda and Yang ͑1999͒ who investigated vortex shedding in dense tube bundles. The two additional peaks have similar levels of energy than the primary peak and reflect additional vortices shed from an upstream cylinder and a cylinder located laterally. Also, noteworthy is the fact that the inertial subrange ͑here covered over a frequency decade͒ in the 2.5D case does not exhibit the classical Ϫ5/3 Kolmogorov subrange but rather follows a steeper Ϫ5/2 energy transfer range. This is the result of strong streamwise and spanwise velocity gradients with the vortex being confinement and accelerated between cylinders. This obviously results in faster energy transfer from large-scales to small scales. For all three cases the range in frequency between the shedding mode͑s͒ and the high-frequency mode with larger slope, at which energy is rapidly dissipated via SGS modeling, spans more than a decade. In amplitude the range is almost two decades. Both ranges covered by the LES demonstrate the good spatial and temporal resolution of the simulations.
The normalized PDF of the streamwise and vertical velocity signals of the 10D and 5D cases show a similar behavior and appear to be distributed normally. Fairly significant differences are observed in PDF of the 2.5D case for both streamwise and spanwise velocity signal. Both functions differ from a Gaussian distribution ͑solid line͒. The v-function has a pronounced peak around the zero value and seems to be skewed toward positive values but the signals are quite noisy and longer time-series is needed to provide conclusive evidence. The u-velocity function exhibits a multimodal behavior, a result of periodically passing through of vortices passing through the close spacing between cylinders.
Normalized ͑with the total drag͒ drag and lift forces on one cylinder over several eddy turn over time periods for the three cases and the two Reynolds numbers are plotted in Fig. 19 . The drag and lift forces on the cylinder are due to vortex shedding and the shedding frequency is represented in the peaks of the drag force and well pronounced in the positive and negative peak values of the lift force. The smaller amplitude of the lift force at some instants in time in the 10D and 5D cases can be attributed to upstream turbulence. The severe vortex interaction in the 2.5D case is visible in the distribution of the lift force over time as the line is not as smooth as in the other cases showing the aforemen- Fig. 18 . Time signals of the streamwise and spanwise velocity component ͑upper row͒, velocity spectra ͑middle row͒, and normalized PDF ͑lower row͒ at a location ͑half depth͒ along vertical 2 tioned high-frequency fluctuations. For the lower cylinder Reynolds number, the shedding frequencies are almost identical for the 10D and 5D cases while with an increase in viscous effects, the shedding frequency is decreased in the 2.5D case leading to a lower Strouhal numbers of S = 0.5 for the R D = 500 case.
The Strouhal numbers of the six simulations performed in this study are plotted in Fig. 20 together with values from previous studies. All observations made above suggest that the 10D case exhibits features that are very similar to single cylinder flow and this is also confirmed by the comparison of the S number as a function of R D . The values obtained herein match rather well the isolated cylinder values of Zhang and Dalton ͑1997͒, Kevlahan ͑2007͒ or Liu and Fu ͑2003͒ or the theoretical curve provided by Norberg ͑2003͒ which is a result of an extensive literature review on flow around isolated cylinders. For the cylinder, Reynolds numbers covered herein, the Strouhal number in the flow through vegetation appears to be independent of R D a finding that is in line with observations made for isolated cylinders. As the density increases there is an increase in Strouhal number but again no obvious dependency on the cylinder Reynolds number. Comparison with the experiments of flow through a staggered array of cylinders ͑also at a density of 5D͒ confirms this finding. The Strouhal numbers obtained in this study match the ones found by 
